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ABSTRACT
Magnetic fields play a role in the dynamics of many astrophysical processes, but they are hard to detect. In a partially ionized plasma,
a magnetic field works directly on the ionized medium but not on the neutral medium, which gives rise to a velocity drift between
them: ambipolar diffusion. This process is suggested to be important in the process of star formation, but has never been directly
observed. We introduce a method that could be used to detect ambipolar diffusion and the magnetic field that gives rise to it, where
we exploit the velocity drift between the charged and neutral medium. By using a representative classical model of the collision
dynamics, we show that molecular ions partially align themselves when a velocity drift is present between the molecular ion and its
main collision partner H2. We demonstrate that ambipolar diffusion potently aligns molecular ions in regions denser than their critical
density, which subsequently leads to partially polarized emission from these species. We include a model for HCO+ and show that
collisional polarization could be detectable for the ambipolar drifts predicted by numerical simulations of the inner protostellar disk
regions. The polarization vectors are aligned perpendicular to the magnetic field direction projected on the plane of the sky.
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1. Introduction
Ambipolar diffusion arises in a partially ionized and magnetized
plasma, where the neutral and ionized medium are collisionally
coupled (Mestel & Spitzer 1956; Lizano & Shu 1989; Fiedler
& Mouschovias 1993). The magnetic force that works on the
charged medium causes the ions and electrons to drift with re-
spect to the neutral components of the plasma. The velocity drift
is determined by the balance of the magnetic force and the fric-
tion between the charged and neutral medium. Through this fric-
tion, the magnetic field thus couples indirectly to the neutral
medium. Ambipolar diffusion is generally thought to be a prime
regulatory agent in the process of star formation (Mouschovias
& Ciolek 1999). However, ambipolar diffusion has yet to be con-
firmed through direct observations (Yen et al. 2018).
The primary characteristic of ambipolar diffusion is a ve-
locity drift between the neutral and charged medium of an as-
trophysical plasma. The magnitude of this drift velocity deter-
mines the dynamical influence of ambipolar diffusion. At large
scales, an order-of-magnitude estimate of the drift velocity be-
tween the ionized and neutral medium is 0.85 (n/106 cm−3)0.61
km s−1 (Draine 2010). Closer to the protostar, the velocity slip
is expected to be higher, but estimates of the drift velocity on
smaller scales vary greatly. Numerical magnetohydrodynamic
(MHD) simulations predict the ambipolar drift to be ∼ 0.1 − 1
km s−1 at hundreds of au from the central protostar (Ciolek &
Königl 1998; Li et al. 2011; Zhao et al. 2018). ALMA obser-
vations by Yen et al. (2018) were unable to show such a veloc-
ity drift between H13CO+ and 18CO in their line profiles toward
B335. Instead, Yen et al. (2018) constrained the ambipolar drift
to be smaller than 0.3 km s−1 at scales of 100 au.
Because it is on the order of the thermal velocity of the
molecular components that make up the gas in a star-forming
region, a velocity drift below 0.3 km s−1 is hard to detect, even
with the spectral resolution of ALMA. In this Letter, we show
that when ambipolar drift velocities are on the order of ther-
mal velocities, a significant alignment manifests itself in a linear
molecular ion, such as HCO+, through preferentially directed
collisions with the neutral medium. The molecular alignment
subsequently leads to a partial linear polarization of the emitted
radiation, which will be a signpost of both ambipolar diffusion
and the magnetic field direction.
It has long been known that atoms tend to collisionally align
themselves in beam expansion experiments, and emit polarized
radiation as a result (Ellett et al. 1926). Investigating collisions
between partially aligned atoms through the polarized emis-
sion that they emit after the scattering event has very success-
fully elevated our understanding of atomic collisions (Ander-
sen et al. 2001). Molecules also align themselves in molecular
beam experiments (Friedrich et al. 1991). Molecular alignment
can be attained through the interaction with a modest electric
field (Friedrich & Herschbach 1991), but even without an elec-
tric field, partial alignment in the population of linear molecules
arises naturally as the result of a velocity difference between the
expansion carrier gas and the molecule of interest (Sinha et al.
1974; Friedrich et al. 1991).
Although it is analogous to mechanical alignment, one of
the possible dust alignment mechanisms (Gold 1952; Lazarian
1997), the alignment of molecules through collisions has, as far
as we have been able to find, not been the subject of any astro-
physical investigations. Rather, the emergence of polarization in
thermal molecular lines is commonly thought to be quenched by
collisions (Goldreich & Kylafis 1981; Lankhaar & Vlemmings
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2020). Alignment will not manifest itself when collisions are
randomly oriented, which is the case for the majority of molecu-
lar collisions in astrophysical regions. However, through the pro-
cess of ambipolar diffusion, a velocity drift arises between the
ionized and the neutral medium that leads to a preferred direc-
tion of collisions. In this Letter, we show that these (partially)
directional collisions lead to detectable polarization.
2. Collisional polarization
Molecular alignment: We considered the collisional interaction
between a linear molecular ion and an H2 molecule in the (spher-
ically symmetric) j = 0 state. It is usual to treat ion-neutral col-
lisions using the Langevin model, where the collisional dynam-
ics are described by the charge-dipole interaction (Draine 2010).
The Langevin cross section captures mainly elastic collisions,
which transfer linear momentum between the collision partners.
We did not follow this approach because we are mostly inter-
ested in inelastic collisions—governed by an anisotropic poten-
tial (Flower 1999)—that change the magnitude and orientation
of the angular momentum vector around which the molecular
ion rotates. We took the anisotropy in the potential to be repre-
sented by a solid-body collision between the HCO+-H2 complex.
We treated the collision and angular momentum character of the
molecular ion classically. We represent the molecular ion by an
ellipsoid, characterized by the major- and minor-axis parame-
ters, a′ and b′, and we let H2 be a sphere of radius r. If we define
a = a′ + r and b = b′ + r, then the cross section of a collision
between the collision partners is given by (Sinha et al. 1974)
σΘ = piba
√(
b
a
)2
sin2 Θ + cos2 Θ, (1)
where cos Θ = kˆ·vˆrel is the angle between the direction of the rel-
ative velocity of the collision complex, vˆrel, and the orientation of
the molecular ion, k, at the time of the collision. The relative ve-
locity of the collision complex is simply the velocity difference
between the neutral H2 and the molecular ion. It is a function of
both the directional drift velocity, vdrift and the randomly oriented
thermal velocities, vthermal, of the collision partners.
We focused on ‘hard collisions’, which transfer a relatively
large amount of angular momentum (Sinha et al. 1974). In a hard
collision, the collisional product has no memory of its original
angular momentum direction and randomizes the product angu-
lar momentum orientation. In this picture, the rate at which the
molecular ion, oriented with respect to the ambipolar diffusion
direction, zˆ, by angle cos θ = k · zˆ, is scattered to a new angle θ′,
is
kθ→θ′ =
1
2
nH2vdriftσθ +
1
2
〈nH2σ0v〉 =
k0
2
[
σθ
σ0
vdrift
vthermal
+ 1
]
, (2)
where the factor 2 is a normalization factor. We let nH2 be the
molecular hydrogen number density, and k0 = 〈nH2σ0v〉 is the
thermal collision rate. The thermal collision rate is dependent on
the angularly averaged collision rate σ0 = 12
∫ 1
−1 d cos θ σθ be-
cause of the random orientation of the thermal velocities. When
we consider the time-dependence of the population of molecular
ions at the orientation θ, nθ, we have
n˙θ = −nθ
∫
d cos θ′ kθ→θ′ +
∫
d cos θ′ nθ′kθ′→θ. (3)
Because the collisional timescale is significantly shorter than the
dynamical timescale, we can assume steady state: n˙θ = 0. Under
the assumption of steady state, Eq. (3) can be solved under the
physical constraint, 12
∫ 1
−1 d cos θ nθ = n. The relative alignment
of the molecular states is
[
σ20
]drift
=
√
5 〈P2(cos θ)nθ/n〉 (Blum
1981). The square brackets denote that alignment is defined with
respect to the velocity drift direction. The magnetic precession
rate is higher than the rate of collisions: gΩk0 ∼ 103 B/mGnH2 /106 cm−3 , so
the alignment will reorient to the magnetic field after each col-
lision event. The relation between the alignment with respect to
the magnetic field and the drift velocity is
[
σ20
]B
= − 12
[
σ20
]drift
,
where we described the 90o rotation between the drift-frame
and the magnetic field-frame with the Wigner D-matrix element
D(2)00 (pi/2) = − 12 . We have thus obtained the molecular alignment
relevant to the production of polarized emission:
[
σ20
]B
= σ20.
The molecular alignment is marginally dependent on the angular
momentum state. We plot the relative alignment of the molec-
ular states, σ20, as a function of vdrift/vthermal and for different
anisotropy coefficients, b/a, in Figure 1.
Fig. 1: Relative alignment of the molecular states as a function of
the ratio, vdrift/vth, of the ambipolar drift velocity to the thermal
velocity for different anisotropy-parameters b/a. On the right-
hand axis we note the associated predicted optically thin polar-
ization fraction of a J = 3 − 2 transition (see Eq. 7). For the
HCO+-H2 complex, we assume b/a = 0.4.
Emergent polarization: The emergence of polarization
from the partially aligned molecular ions can be computed from
the polarized radiative transfer equation (Landi Degl’Innocenti
1984). We consider a transition J′ → J at frequency ν0 and local
thermal equilibrium. We formulate the polarized radiative trans-
fer equations in terms of the optical depth
τν =
hν
4pi
BJJ′NJ
(
1 − e−hν0/kT
)
φν, (4)
where BJJ′ is the Einstein B-coefficient, φν is the line profile as
a function of the frequency ν, and NJ is the column density for
lower level J. The polarized radiative transfer coefficients under
the assumption of local thermal equilibrium are (Degl’Innocenti
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& Landolfi 2006; Lankhaar & Vlemmings 2020)
ti =
τI
τν
= 1 + σ20
[
w(2)JJ′ − w(2)J′Je−hν0/kT
] 3 cos2 χ − 1
2
√
2
, (5a)
tq =
τQ
τν
= −σ20
[
w(2)JJ′ − w(2)J′Je−hν0/kT
] 3 sin2 χ
2
√
2
, (5b)
eiBν(T ) =
I
κν
= Bν(T )
[
1 + σ20w
(2)
J′J
3 cos2 χ − 1
2
√
2
]
, (5c)
eqBν(T ) =
Q
κν
= −Bν(T )σ20w(2)J′J
3 sin2 χ
2
√
2
, (5d)
where Bν(T ) is the Planck function, w
(2)
JJ′ are functions depen-
dent on the angular momentum state of the upper and lower level
(see, e.g., Degl’Innocenti & Landolfi 2006), κν is the opacity, re-
lated to the optical depth through dτν = κνds, and χ is the angle
between the radiative propagation and the magnetic field. It is
convenient to express the radiative transfer equation in terms of
the parallel and perpendicular polarization components of the ra-
diation field: I‖,⊥ = 12 [I ± Q]. The polarization direction is with
respect to the magnetic field direction projected on the plane of
the sky. We define the propagation coefficients in these terms as
t‖,⊥ = ti ± tq and e‖,⊥ = (ei ± eq)/2. We thus note the radiative
transfer equation for the polarized components of the radiation
field
d
dτν
I‖,⊥ = −t‖,⊥I‖,⊥ + e‖,⊥Bν(T ). (6)
The polarization fraction is defined as equation (10) of Goldreich
& Kylafis (1981) and can be readily evaluated assuming a back-
ground radiation field, which we took as the cosmic microwave
background radiation field. We plot the predicted polarization
fraction of the J = 3 − 2 transition of HCO+ as a function of the
optical depth for a number ambipolar drift-thermal velocity ra-
tios in Figure A.1. We report the polarization fractions assuming
a propagation angle of χ = 90o; for other angles, it is a good ap-
proximation to multiply the estimates by sin2 χ. The polarization
coming from ambipolar drift collisions is directed perpendicular
to the projected magnetic field direction.
In Figure A.1 we plot the polarization fraction of HCO+ for
different drift velocities as a function of the optical depth. We
assumed an anisotropy parameter of b/a = 0.4 for HCO+-H2
collisions in this figure (see the paragraph on model assumptions
below for the discussion of this parameter). A large fraction of
polarization emerges in the radiation when the drift velocity is
greater than the thermal velocity (vdrift/vthermal > 10). At low op-
tical depths our method estimates a polarization fraction of 7%,
which increases to 9% for high optical depths. At drift velocities
on the order of the thermal velocity (vdrift/vthermal ∼ 1), polariza-
tion fractions on the order of 4 − 5% are expected. When drift
velocities are ten times lower than the thermal velocity, the polar-
ization fraction is estimated to be 0.7−1%. Polarization fractions
of ∼ 0.5% arise for vdrift/vthermal = 0.05.
Model assumptions: A number of simplifications were
made in order to derive the above results. First, we represent
the cross section of the H2-molecular ion collision-complex as a
classical sphere-prolate ellipsoid collision. We stress that this is
a rather simplified modeling of the collision dynamics between
a molecular ion and a hydrogen molecule. However, because we
have assumed dominant collisions, we only need to capture the
relative anisotropy of the inelastic collisions. We estimate the
anisotropy factor b/a = 0.4 for H2-HCO+, which we base on
the geometry of the collision complex. It is possible that this
anisotropy factor is an overestimation because we did not in-
clude elastic collisions. Even though elastic collisions do not
change the magnitude of the angular momentum vector, a frac-
tion of them might change its orientation. On the other hand,
the orientation of the scattered angular momentum vector is not
likely to be random because the collisions have a preferred di-
rection. A more thorough analysis requires quantum-dynamical
calculations of the state-to-state differential cross sections. Such
cross sections are quantum-state transition specific and might
vary in directional character between each other. It is expected
that the ortho-to-para ratio of H2 affects the state-to-state differ-
ential cross-sections and also that the gas temperature has influ-
ence on the cross-section anisotropy. Having state-to-state dif-
ferential cross sections also allows for the accurate treatment of
the quantum angular momentum dynamics of the system, which
we assume to behave classically in our current approach. Even
though we do not capture the complex collision dynamics, we
nevertheless expect that our classical model captures the order of
the anisotropy of the collision complex, and thus it provides re-
alistic predictions of the emergent polarization fraction through
collisionally induced polarization.
Second, we assume that the ratio of directional to random
collisions is determined by the ratio of the drift velocity to
the thermal velocity of the collisional complex. This approach
has been successfully employed in molecular beam experiments
(Friedrich et al. 1991), but it is only an approximation to the
proper incorporation of thermal motions and a drift velocity
(Alexander et al. 1977). Additionally, it has been shown that
the presence of a magnetic field perpendicular to a flow leads
to changes in the velocity distribution of both the molecular ions
and neutrals (Pinto et al. 2012). These are second-order effects
to our problem, but likely influence the polarization estimates. A
more detailed treatment of the velocity distribution of the colli-
sion particles is necessary for accurate modeling of the effect we
present.
Third, in our approach we assumed collisions to be domi-
nant in determining the alignment and population of the molec-
ular quantum states. This can safely assumed to be the case in
dense gases, above the critical density. This can be contrasted to
other pathways to polarization, like the Goldreich-Kylafis (GK)
effect (Goldreich & Kylafis 1981), where collisions are gener-
ally thought to be unfavorable to the emergence of polarization
in thermal line emission (Goldreich & Kylafis 1981; Lankhaar
& Vlemmings 2020). In the absence of a velocity drift between
two collisional species, collisions are isotropic and work actively
against the alignment of quantum states. Rather, the alignment of
quantum states must be introduced through directional radiation
(Lankhaar & Vlemmings 2020). By comparing their interaction
rates, we can estimate the ratio between collisional-to-radiative
alignment to be on the order of ∼ (nH2/ncrit)/τ for optically thin
lines, and ∼ (nH2/ncrit) for optically thick lines. Estimating the
density of the region wherefrom polarized radiation appears, as
well as the optical depth of the probed transition, thus provides
a natural means to distinguish between the mechanism by which
the polarization has emerged.
Last, ambipolar diffusion presupposes movement in the
(charged) medium that together with the magnetic field gives rise
to a Lorentz force. A definite direction in the ambipolar diffu-
sion requires a directional flow of the gas. Turbulence on smaller
scales than this flow injects an element of randomness to these
motions, and thus also to the ambipolar drift. If the magnetic
field is unaffected by the turbulent motions, it is conceivable that
the ambipolar drift is not always perpendicular to the magnetic
field. We note that therefore the perpendicular relation between
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the drift velocity and magnetic field is idealized. The magnetic
field alignment is expected to be slightly tapered by turbulent
motions.
3. Observation of ambipolar diffusion
We can formulate a simple relation for the polarization fraction
due to collisional polarization by ambipolar diffusion by solving
Eq. (6) for low optical depth,
pl ' eq/ei ≈ − 3
4
√
5
√
(J + 1)(2J + 3)
J(2J − 1) σ
(2)
0 sin
2 χ, (7)
where we use an analytical expression for the w(2)J′J-symbol for a
J → J − 1 transition (Morris et al. 1985). The polarization frac-
tion decreases with J, the square-root factor tends to 1 for high
J. We note that at high optical depths, the predicted polarization
fraction is consistently higher than the low optical depth estimate
(see Figure A.1). However, optically thin tracers are less affected
by the GK effect (Goldreich & Kylafis 1981).
As a specific example, we considered the nearby star-
forming region B335 and estimated the viability of collisional
polarization detection in the signal of HCO+1. Yen et al. (2018)
recently constrained the ambipolar diffusion drift in this source
to be < 0.3 km s−1 at scales of 100 au. They furthermore esti-
mated the gas kinetic temperature around the protostar to vary as
T ∼ 38 (r/100 au)−0.4 K (see also Evans II et al. 2015) and the
hydrogen number density as nH2 ∼ 9 × 106(r/100 au)−2.1 cm−3.
As shown in Yen et al. (2018), optically thin H13CO+ transitions
probe the midplane of the infalling envelope. Here we expect the
magnetic field and ambipolar drift to be strongest.
We focused on the H13CO+ J = 3 → 2 transition. The
collisional-to-radiative alignment ratio scales as ∼ (nH2/ncrit) /τ
for this optically thin species. Considering the critical density
of HCO+ = 105 cm−3, and using the temperature profile to
roughly estimate the thermal velocity as a function of the r,
vthermal =
√
8kT/piµ ∼ 0.66 (r/100 au)−0.2 km s−1, we can rule
out contamination of the collisional polarization signal by GK
polarization within some 100 au of the protostar.
Figure 1 reports the optically thin linear polarization frac-
tion of the H13CO+ J = 3 → 2 transition on the right-hand
axis. We estimated the anisotropy parameter b/a = 0.4 for a
HCO+−H2 collision. With this parameter, the drift velocity that
gives rise to a 1% polarization fraction through collisional polar-
ization at 100 au is vdrift ∼ 0.1 km s−1. In the case of very modest
anisotropy in the collisions, b/a = 0.8, a vdrift ∼ 0.1 km s−1 gives
0.2% polarization, which is just within the current ALMA de-
tection limit. Closer to the protostar, MHD modeling predicts
that the drift velocity increases more strongly than does the ther-
mal velocity (Li et al. 2011; Yen et al. 2018), therefore larger
polarization fractions are expected. These regions are of par-
ticular interest to the outflow-launching mechanism (Shu et al.
1994; Blandford & Payne 1982; Bjerkeli et al. 2019). However,
the dynamics and magnetic field morphology become increas-
ingly complex toward the near protostellar regions (Machida
et al. 2008). Our simple radiative transfer model breaks down
for complex magnetic fields and flows, which means that this
1 Glenn et al. (1997) set a 0.4% upper limit on the polarization frac-
tions of J = 1−0 HCO+ transitions toward the outflow lobes associated
with different young protostellar systems. The polarization of such lines
is expected to be the result of the GK effect because densities in these
regions are too low for collisional polarization to be of importance.
likely affects the polarization estimates. To model complex re-
gions, three-dimensional polarized radiation transfer modeling
using codes such as PORTAL (Lankhaar & Vlemmings 2020)
might be used.
4. Conclusions
We proposed a new method for detecting ambipolar diffusion.
We showed that the velocity drift between the charged and neu-
tral medium that characterizes ambipolar diffusion leads to a
partial alignment of linear molecular ions. The molecular align-
ment subsequently results in partially polarized radiation emit-
ted from these species: collisional polarization. The polarization
fraction is indicative of the ambipolar drift velocity, while the
polarization vectors are aligned perpendicular to the magnetic
field direction. Through using optically thin species in dense re-
gions, we can distinguish collisional polarization from polariza-
tion through the GK effect. Collisional polarization is expected
in star-forming regions on scales 1 − 100 au, where ambipolar
diffusion is likely present, but hard to detect by other means.
We used a simple classical model for our estimates of the
molecular alignment and assumed an idealized geometry for
the radiative transfer of polarized radiation. More rigorous pre-
dictions can be made through employing quantum-dynamically
obtained state-to-state (tensorial) cross sections of directional
collisions. These cross sections can be used in conjunction
with three-dimensional polarized radiation transfer (Lankhaar &
Vlemmings 2020); such modeling would constrain the effects of
ambipolar diffusion on the emergence of polarization in molec-
ular ions more quantitatively.
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Appendix A: Appended figure
Fig. A.1: Polarization fraction of the J = 3 − 2 transition of
HCO+ as a function of the optical depth. The polarization frac-
tions resulting from different ratios of ambipolar drift velocity to
thermal velocity are plotted.
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